Summary: Recent technological developments in measuring genetic variation have ushered in an era of genome-wide association studies which have discovered many genes involved in human disease. Current methods to perform association studies collect genetic information and compare the frequency of variants in individuals with and without the disease. Standard approaches do not take into account any information on whether or not a given variant is likely to have an effect on the disease. We propose a novel method for computing an association statistic which takes into account prior information. Our method improves both power and resolution by 8% and 27%, respectively, over traditional methods for performing association studies when applied to simulations using the HapMap data. Advantages of our method are that it is as simple to apply to association studies as standard methods, the results of the method are interpretable as the method reports p-values, and the method is optimal in its use of prior information in regards to statistical power. Availability: The method presented herein is available at
INTRODUCTION
The cost of collecting genetic information has been decreasing with advances in high-throughput genomic technology (Matsuzaki et al., 2004) . Over the last few years, hundreds of genes have been identified as being associated with common human disease (Risch and Merikangas, 1996; Visscher et al., 2012) . Traditionally, association studies are performed without making any assumptions about which variants are more or less likely to be involved in the disease. These methods evaluate an association statistic at each single nucleotide polymorphism (SNP), and only take into account one SNP at a time. The Bonferroni correction is often used to control the overall false-positive rate by uniformly limiting the significance threshold at each SNP (Franke et al., 2010) .
Current standard approaches report a p-value for each variant and there is a good understanding in the community of what significance levels are required for genome-wide association (Pe'er et al., 2008) . Virtually all association studies report p-values as their results which allows investigators to interpret their findings in the context of other groups' findings.
Although the lack of assumptions has the advantage of being unbiased in the search for variants involved in the disease, we know that not all SNPs contribute equally to the disease (Adzhubei et al., 2010) . Recent studies (Eskin, 2008) have shown that incorporating † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.
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prior information such as the results of functional studies (ENCODE Project Consortium, 2007) can increase statistical power. Unfortunately, the methods for incorporating prior information are complicated and difficult to apply in practice. Methods that use prior information are typically Bayesian association study methods (Pe'er et al., 2006; Fridley et al., 2010) and instead report Bayes factors which are not usually reported in other studies. Although standard methods do not take into account prior information, they do have the advantage of being simple. We present a novel method for performing association studies using prior information, which is as simple to apply as standard association statistics and reports p-values, yet, optimally incorporates prior information. We extend our method to take advantage of the correlation structure to consider multiple markers in a region (de Bakker et al., 2005; Devlin and Risch, 1995) . When considering multiple markers, we compute an association statistic at each SNP in the region, not only the collected SNPs. Incorporating prior SNP information increases power over traditional association studies while maintaining the same overall false-positive rate.
Our method can be used in association studies to improve both the power and resolution of a study. When our method is applied to simulations using data from individuals in the HapMap, we demonstrate a significant increase in power and resolution compared with the methods used in a traditional association study. Our method also has the advantage of maintaining the inherent simplicity of a traditional association study. As a result, the computational complexity of our method matches that of a traditional association study.
We measure resolution by calculating the distance between the location of the assumed causal SNP and the location of the SNP corresponding to the maximum-likelihood ratio. Our method increases the average resolution of the four HapMap populations by 27% and the average power by 8% over the traditional method.
Our method has a connection to multithreshold associations presented in (Eskin, 2008) . In this work, we show that the multithreshold association method which uses the prior information optimally to maximize statistical power can be interpreted as a likelihood ratio test (LRT). This is the key observation underlying our approach and allows us to propose a very simple method which is also optimal with respect to statistical power, but has the advantage of being simple and easy to interpret. The statistic
for each marker i is approximately normally distributed with variance 1 and mean non-centrality parameter
The power of a standard association study to detect a significant association at a maker i, relies on the non-centrality parameter and is
where the value of t is the significance threshold, which serves to control the overall false-positive rate, and and −1 denote the cumulative density function (CDF) and the inverse of CDF of the standard normal distribution, respectively. The false-positive rate represents the probability of rejecting the null hypothesis for any marker, assuming there is no causal marker. In our case, we control this probability to α. If markers are assumed to be independent, the significance threshold is computed using the Bonferroni correction, α s = α/M . It is important to note that in traditional association studies, the significance threshold, α s , is fixed for all markers, M .
When computing the overall power of a study, the power is first computed for each marker, P s (t,λ i √ N ). The overall power, defined as
, is the average of the power computed at each marker. For clarity, we have assumed that only the markers are the causal variants, which is clearly not realistic; we drop this assumption below.
Association studies with prior information
Obviously, we do not know which variant is causal and which variant is not causal. However, some variants are more likely involved in the disease than others based on information on how much of a molecular effect that variant has. Let us assume that a marker i has probability c i of being causal. We define a revised power function that includes prior probabilities
where α s is set to control the overall false-positive rate to α.
Maximizing power in a multithreshold association study
One way to incorporate prior information into association studies is to use multithreshold association (Eskin, 2008) . In this approach, we use a different significance threshold at each marker and these thresholds are set to maximize the statistical power taking into account prior information (Adzhubei et al., 2010) . We denote the new set of thresholds as variables t 1 ...t m . Overall power can be defined as a function of the thresholds t 1 ...t m .
By optimizing the threshold at each marker, we can increase the overall power of a standard association study. Our task is to find the t * 1 ...t * m that maximizes (3) under the condition that t * i = α. This constrained optimization can be solved using the method of Lagrange multipliers, assuming the markers are not correlated. Below we show how to use this method to maximize our object function, and as a result find the per marker threshold, t * 1 ...t * m .
The objective function to maximize is
We take the partial derivative of the objective function with respect to t i and l and set them equal to 0 to obtain
where φ is the probability density function (PDF) of the standard normal distribution. See Appendix for the detailed derivation. As (4) is true for all marker i ∈ 1...m, we set up the following equality:
where t i = α. We can numerically find t * 1 ...t * m satisfying (5). We begin with a guess for c * , set it equal to (5), and solve for t 1 ...t m simultaneously. If t i >α, we decrease c * (when t i <α, we do otherwise) and repeat the process. The resulting t 1 ...t m satisfying the constraint t i = α are denoted t * 1 ...t * m . We gain intuition on our method by imagining that we have a total budget of α to distribute among a portfolio of i assets or stocks. Each asset has a certain return on investment, which depends on the t i , the fraction of the total budget that we allocate to the asset. In order to optimize the total return on our budget of α, we allocate our funds such that the marginal return on investment for each asset is equal. Intuitively, this is because if the marginal return is not equal between investments, we can always increase the overall return by taking out funds from the smaller return investment and put them into the larger return investment. In the case of power, the budget is our overall significance threshold, α. The power return for each marker again depends on the t i we allocate to each marker. In setting the optimal significance threshold for each marker, we consider the rate of return, or power, which depends on the amount invested, or significance threshold. In determining how to allocate the fraction of the overall significance threshold to each marker, we compute the partial derivative of the power function at each marker and set them equal to each other, which is equivalent to the investment-return analogy.
Connection to LRT
The key observation in this article is that the multithreshold association has a close connection to the LRT. The LRT compares the likelihood ratio of a statistic with a given threshold C * , where the likelihood ratio is a direct comparison of the probability of observing the statistic under the null distribution versus the alternative distribution. It is possible to apply the LRT to determine an LRT statistic of a given marker, and thus determine a significance designation for that marker.
Consider the probability of observing the statistic s i in Equation (1). The null distribution is
and the alternative distribution is, given the non-centrality parameter λ i √ N ,
where the 50:50 mixture is taken assuming that we do not know the direction of the effect (two-sided test). A standard LRT will reject the null hypothesis at
C * can be set to control the overall false-positive rate to α.
For the purposes of a multithreshold association study, we will modify the likelihood ratio and the LRT such that the prior information is included,
This likelihood ratio is exactly the same term found in (5). LRT in this case will be done by comparing this likelihood ratio to a number C * , where
where C * is the threshold that controls overall false-positive rate to α.
Note that when observed value s i at marker
> C * and we can reject the null hypothesis at i. Thus, LRT and multithreshold association test are equivalent. When there are correlations between markers, we can still find a C * such that the chance of Â rejecting any of the null hypotheses is α. C * can be easily calculated using permutation (see Appendix).
Maximizing power for tag SNPs
Previously, we made the assumption that the markers themselves are causal. Usually, markers are more likely to be tags for the causal variation. Using this information, we can assign each potential polymorphism to the best marker, or tag. We use notation v k ∈ T i to associate each set of polymorphisms v k to a single marker i. The effect of non-centrality parameter of indirect association is reduced by a factor |r ki |, where |r ki | is the correlation coefficient between polymorphism k and marker i (Pritchard and Przeworski, 2001 ). This correlation coefficient can be determined from reference data such as the (HapMap et al., 2005) . We can give each polymorphism a prior probability of being causal c k . If a polymorphism k is causal, the power function when observing marker i is P s (t i ,r ki λ k √ N ). Let us denote the total power captured by a marker i as P(t i ,T i ,N ). In our case, the total power function of the association study is
This power function can be maximized with respect to t 1 ...t m using the same approach as before. There is a constraint that t i = α. The objective function now becomes
We take partial derivatives of this objective function with respect to t i and α and set them equal to zero
Similarly to Equation (A.3), we can obtain
In Section 2.4, when markers are assumed to be causal, we detect an association at marker i if the observed statistic s i at i satisfies
Similarly, when makers themselves are not assumed to be causal, we determine an association at maker i if the statistic s i at i satisfies
M * is the threshold that controls false-positive rate to α, the overall significant threshold of the association study. We can determine this M * by permutation even when there are correlations between markers.
Multiple-testing adjusted p-value
We can obtain multiple-testing adjusted p-values in our multithreshold association study as follows. In an association study with only one marker, we define the test to be significant if the observed statisticŝ is greater than its threshold −1 (α/2). Then, we can useŝ to compute a p-valueα which measures how significant of an association we observed by using the relationship 2 (ŝ) =α. For example, in a traditional association study with one marker, if theα is 0.05, then we can say that this marker strongly associates with the disease. In an association study with m markers, we identify the associated markers by comparing each of the observed statisticsŝ 1 ,...,ŝ m against its corresponding cutoff −1 (t 1 /2),..., −1 (t m /2). To determine how significant the association at each marker is, we need to compute the p-value at that marker. As the cutoff values −1 (t 1 /2),..., −1 (t m /2) are usually not identical in our multithreshold association study, we compute the multiple-testing adjusted p-valuesα 1 ,...,α m at m markers separately. The multiple-testing adjusted pvalue is the probability under the null hypothesis of observing a significant association at any marker. We compute the adjusted p-valueα i at a marker i by using its observed s i . Ifŝ i = −1 (t i /2), then the multiple-testing adjusted p-value is α. Forŝ i > −1 (t i /2), we need to find the p-valueα i <α. Estimating this significance level is equivalent to finding theα i and a new set of thresholds t * 1 ,...,t * m such that when we maximize equation (3) with the constraint j t * j =α i , then the cutoff for marker i is 2 (ŝ i ). We denote the gradient in Equation (5) at the observed marker i asβ. As all the partial derivatives of Equation (3) are equal at the optimal solution [Equation (5) 
New multivariate normal distribution method for correlated markers
In the previous sections, we assumed independent markers 1...m that are possibly correlated to causal variation. However, marker themselves can be i149 correlated to each other. If the markers are correlated, the statistics at the markers follow a multivariate normal distribution (MVN) with variancecovariance matrix , where the entries of are the correlation coefficients between the markers (Han et al., 2009) . Here, we propose a new LRT method designed for the situation that the markers are correlated. By using information from all the markers, we can have better resolution than when inspecting one of the markers.
If variation i is causal and the marker j is correlated to i, the non-centrality parameter at marker j is r ij λ i √ N (Pritchard and Przeworski, 2001 ). If we consider correlations between variation i and all the markers, the vector of non-centrality parameters with respect to causal variation i will be
We modify the LRT of the previous section to take into account multiple correlated markers. Given a putative causal variation i, we have the following null hypothesis H 0 : i √ N = 0 and the alternate hypothesis H a : i √ N = 0 at markers 1...m.
Let s = (s 1 ,...,s m ) be the vector of the observed statistics of all markers. The LRT is performed by comparing the probability of s under the null and alternative hypothesis, using the formula
where C * is set to control the false-positive rate to α and can be found by permutation. φ is the PDF of the MVN distribution. Again, the 50:50 mixture of the distributions is taken for the alternative hypothesis to perform twosided test. When the condition in Equation (7) is satisfied, we have sufficient evidence to reject the null hypothesis at variation i. It should be noted that the new method is different from the methods we described previously in that the testing is performed per each putative causal variant instead of per each marker. The information of putative causal variants is obtained from the reference dataset, for example, by considering all known variants. This implies increased multiple-testing burden because the number of known variants is much greater than the number of markers in general. However, although the number of tests are considerably increased, the test statistics are highly correlated and therefore the actual multipletesting burden increases less steeply than the number of tests if we use permutation. Our results show that the new method outperforms previous methods in terms of both power and resolution even after we take into account the increased multiple testing burden.
RESULTS

Candidate gene study associations Project
We follow the evaluation protocol shown in (de Bakker et al., 2005) to simulate association studies in a candidate gene-sized region using the HapMap data ENCODE (ENCODE Project Consortium, 2007) . In these simulations, we make case and control individuals by randomly sampling from the pool of haplotypes from HapMap samples in the ENCODE regions. The disease status for each individual is decided by randomly assigning an SNP from this region as causal with a certain relative risk. We assume the scenario where we are using a whole-genome genotyping product such as the Affymetrix 500k SNP chip (Matsuzaki et al., 2004) and where a subset of SNPs from this region are collected as markers. Simulation studies are done over the four HapMap populations in each of the 10 ENCODE regions.
We compare power of four different methods. The first method is the traditional association test where the Bonferroni correction is used. The second method is the multithreshold association test where the markers are assumed to be causal. Since this method only takes into account the non-centrality parameter at each marker, it is equivalent to accounting for the minor allele frequencies (MAFs) of the markers to determine the optimal multithresholds. We call this method multithreshold method with MAF prior. The third method is the multithreshold association test where we assume causal variants are in LD with markers. We use the HapMap data and assign each SNP to a marker by choosing the marker with the highest correlation coefficient with the SNP. This method takes into account not only the non-centrality parameters (or MAF) at the causal variants but also how many causal variants are assigned to each marker and how much the marker and the assigned causal variants are correlated. We call this method multithreshold method with LD and MAF prior. This method is equivalent to the method presented in (Eskin, 2008) . The fourth method is the new MVN method where we assume the markers are correlated. The testing is performed at each putative causal variant.
To measure power of each method while correctly accounting for the multiple testing burden of each method, we perform the following simulation procedure. Assuming the null hypothesis of no association, we generate 1000 null panels. We compute the maximum statistic among all markers for all null panels to obtain the empirical null distribution of maximum statistic for each method. The top 5% quantile of the distribution gives us the empirically estimated threshold for α = 0.05. Then, we generate 1000 alternative panels assuming the disease model. The power is measured as the number of alternative panels whose maximum statistic exceeds the threshold corresponding to α = 0.05. This empirical procedure is shown to accurately control the false-positive rate nearly identical to permuting each panel (de Bakker et al., 2005) . Table 1 shows the power of all four methods. In general, the multithreshold method with MAF prior does not show a better performance than the traditional method. This shows that taking into account only MAF and not the correlations between the marker and the causal variants can be not helpful. The multithreshold method with both LD and MAF prior increases power compared with the traditional method, on average by 1.2%. When we consider only the SNPs whose traditional method's power is in mid-range (between 0.1 and 0.9), the power is increased by a greater amount, 4.0%, which goes along with the results of (Eskin, 2008) .
The power increase of the new MVN method is the greatest among all methods. It increases power by 8.3% on average when considering all SNPs and by 15.7% on average when considering the SNPs with mid-range power. The power increase is even as great as 24.7% in the YRI population for the SNPs with mid-range power. This shows that the new MVN method can be very helpful in detecting associations.
We also look at the resolution, by how far the peak association statistic is located from the actual causal variant. We measure this distance in the unit of basepairs and report the results in Table 2 . The multithreshold method with MAF prior does not help the resolution either. On the other hand, the multithreshold method with both LD and MAF prior improves the resolution by 2.4% on average for all SNPs and by 4.0% on average for SNPs with mid-range power. However, it failed to improve the resolution in one case (CEU population and for the SNPs with mid-range power).
The new MVN method shows the greatest amount of improvement in resolution. The resolution is improved by 27.1% on average for all SNPs and by 44.5% on average for SNPs with mid-range power. This shows that the resolution is so dramatically improved that the distance between the peak association statistic and the causal variant became, on average, almost half compared i150 The numbers in parentheses are the power gain compared with the traditional method The unit of resolution is basepairs. The numbers in parentheses are the improvement percentage in resolution compared with the traditional method with the traditional method in the case of the SNPs with mid-range power.
We make an unrealistic assumption that we know the relative risk of the causal polymorphism to be 1.30 and use this assumption to determine the optimal thresholds. We measure the effect of an incorrect assumption by obtaining optimal thresholds at a relative risk of 1.30 and measure the power of these thresholds under a wide range of relative risks. Figure 1 shows the total average power under different relative risks for the traditional method, the multithreshold method with LD and MAF prior, and the new MVN method. Even when the assumed relative risk is incorrect, the multithreshold method and the new MVN method outperform the traditional method.
Extrinsic information on candidate gene-sized regions
We measure the impact of extrinsic information on candidate gene-sized regions using the HapMap data ENCODE regions by simulating association studies with unequal priors at the polymorphisms. We first consider the assumption that causal SNPs can be anywhere in the genome, and randomly pick 10% of the variants. Then, we upweight the likelihoods of being causal of these polymorphisms by 25 times. We simulate association studies by picking the causal SNP among these polymorphisms. As we upweight the likelihood of being causal for the actual causal SNP in this simulation, we expect that the methods accounting for the prior information will show a better performance. In our results, the power increase of the multithreshold method with LD and MAF prior and the MVN method are 2.0% and 11.3% relative to the traditional method, respectively. The amount of power increase is greater compared with when no extrinsic prior information was given (1.2% and 8.3%), as expected. The resolution improvements of the two methods are 5.6% and 55.5%, which are also greater than the improvements we had when no extrinsic prior information was given (4.0% and 15.7%). The most notable change by incorporating extrinsic prior information occurred on the resolution improvement percentage of the MVN method (15.7-55.5%). When considering the SNPs with mid-range power, i151 the resolution improvement of the MVN method relative to the traditional method is as great as 70.4% after incorporating the prior information. This shows that the use of correct prior information can help both the power and the resolution of the methods we proposed, especially the resolution of the MVN method. On the other hand, the power and resolution of the multithreshold method with only MAF prior did not benefit from the extrinsic prior information, possibly because the method only takes into account the markers and not the uncollected putative causal variants.
DISCUSSION
We have presented a novel statistical method for incorporating prior information into association studies. The advantage of our method is that we can optimally incorporate prior information with respect to statistical power but still report p-values for each variant. By incorporating the correlation structure underlying the HapMap, we manipulate the significance threshold at each SNP to improve the overall power of a study. Experiments show that our method has a similar computational overhead yet greatly increased power and resolution to traditional association study methods.
Our method has similarities with, the method presented in (Roeder et al., 2007) and (Roeder and Wasserman, 2009 ). The difference is that while Roeder et al. present the general framework for optimally setting multithresholds for tests, our method is specifically focusing on the context of genetic association studies using available information of both MAF and LD. For example, if only the non-centrality parameter of the statistic at the tested markers is considered as presented in the general framework of Roeder et al., the method will be exactly equivalent to the multithreshold method with MAF prior that we examined in our simulations. We show that this method does not achieve a better performance than the traditional method in terms of both power and resolution. Moreover, we present the novel MVN method that assumes correlation between markers and that outperforms both the traditional method and the multithreshold method of (Eskin, 2008) , which is distinctive from the framework assuming independency between the tests.
The new MVN method has some similarities with the weighted haplotype test (Zaitlen et al., 2007) or imputation method (Marchini et al., 2007) . In both the new method and their methods, the unobserved causal variant is tested using the observed markers. However, the intrinsic difference is that our method takes into account prior information to optimally set significance thresholds differently to each causal variant in the context of multiple-testing correction. Moreover, the application of the method is much simpler than those methods, requiring only the MAF and LD information from the reference dataset but not the actual haplotype data.
As we use prior information to improve power and resolution, the drawback is that the performance will not be optimal if the prior information is incorrect. For example, the MAF or LD information from the HapMap data can have sampling variation and the extrinsic information about the deleterious effect of the variant can be inaccurate. A possible approach dealing with inaccurate prior information can be explicitly accounting for the uncertainty. For example, we reduce the correlation coefficient estimated from the HapMap by a small amount because the likelihood of the MVN distribution becomes zero if the perfectly correlated markers in the reference is not perfectly correlated in the sample. A systematic approach dealing with prior uncertainty will be an interesting subject of the future research. However, we assume that the uncertainty in the prior information will be decreased in the future as the sample size of the reference dataset increases (1000 Genomes Project Consortium, 2010 Now, we present the properties of erf(x).
erf ( where k is the non-centrality parameter.
To maximize the power of a standard association study with respect to t, we find
By applying (A.1), we get
